Microtubules
Hence, from these 2 approaches we concluded that MAP2 is a component of crossbridges between MTs and NFs in the neuronal cytoskeleton in viva and in vitro.
Recently it has been revealed that there is an extensive system of crossbridges between cytoskeletal elements in nerve cells (Ellisman and Porter, 1980; Hirokawa, 1982) . In previous studies these crossbridges were categorized into 3 groups: NF-associated cross-linkers (NF-NF), MT-associated crossbridges (MT-MT, MT-NF, MT-membrane organelles), and long crosslinks in the subaxolemmal space (Hirokawa, 1982; Hirokawa and Yorifuji, Received June 29, 1987; revised Dec. 15, 1987; accepted Dec. 15, 1987. We (Hirokawa et al., 1984) . In terms of the crossbridges between MTs and MTs, microtubule-associated protein 1 (MAPl) has been proven to be a major component in the axon (Hirokawa et al., 1985) , while in dendrites crossbridges between microtubules comprise both MAP 1 and MAP2 (Shiomura and Hirokawa, 1987a, b) . However, the nature of other crosslinkers, such as between MT and NF and between MO and MT, has been largely unknown. In vitro studies have suggested that interaction between MTs and NFs could be mediated by high-molecular-weight MAPS (Leterrieret al., 198 1, 1982; Williamsand Aamodt, 1985) or MAP2 (Miyata et al., 1986) . Another biochemical study in vitro indicated that 200 K neurofilament protein could crosslink MTs with NFs (Minami and Sakai, 1983) . Bloom and Vallee (1983) observed that a monoclonal antibody to MAP2 distributed itself with MTs in (non-neuronal) glial cells but that when the microtubules were destroyed by vinblastine the same antibody was found with the (vimentin) intermediate filaments, indicating that MAP2 is found in association with both MTs and intermediate filaments. Papasozomenos et al. (1985) demonstrated that anti-MAP2 monoclonal antibodies stained either the neurofilament domain or the microtubule domain in the IDPN-intoxicated rat peripheral axon by peroxidase-antiperoxidase staining.
However, because of limitations of resolution of the techniques employed in the previous studies, the question of what forms crossbridges between MTs and NFs has not been answered. The use of colloidal gold as a marker of the protein enables us to study its precise localization. In the present study we performed immunocytochemical analysis and antibody decoration in situ in conjunction with the QF-DE method on rat spinal cord motor neurons using anti-rat MAP2 affinity-purified polyclonal antibody and gold-labeled anti-rabbit IgG goat IgG or a ferritin-labeled second IgG. Furthermore, we carried out reconstitution studies in vitro using neurofilaments composed of 70 kDa protein, MAP2, and tubulin. Both the immunogold procedure and the QF-DE study indicated that MAP2 is a component of crossbridges between MTs and NFs in situ. This conclusion was further supported by reconstitution studies, which indicated that MAP2 formed crossbridges between NFs and MTs in vitro. 
Materials and Methods Antibody characterization
Affinity-purified rabbit polyclonal antibody (PcAb) against rat brain MAP was provided by Dr. Yasuo Ihara (Tokyo Metropolitan Institute of Gerontology). This polyclonal antibody was purified through an affinity column using rat brain MAP2. The immunoreactive proteins were identified on polyacrylamide gel blots (Towbin et al., 1979) . Rat brain crude extracts and rat brain MT proteins prepared by the taxol method (Vallee, 1982) were applied to 7% SDS-PAGE according to Laemmli (1970) and then blotted on nitrocellulose paper.
Immunojluorescence microscopy
The lumbar regions of spinal cords were dissected from rats perfused with 2% paraformaldehyde, 0.1% glutaraldehyde in PEM buffer, pH 6.8 (100 mM Pipes, 1 mM EGTA, 1 mM MgCl,). Immunofluorescence microscopy was carried out using rabbit PcAb against MAP2 or nonimmune rabbit IgG as control and fluorescein-conjugated anti-rabbit IgG goat IgG (Cappel Laboratories) as described in our previous studies (Shiomura and Hirokawa, 1987a, b) .
Immunoelectron microscopy and QF-DE electron microscopy
The lumbar region of a rat spinal cord was removed and cut into thin slices (-300 pm) by a microslicer in Ca+-free rat Ringer (15 5 mM NaCl, 5 mM KCl, 5 mM MgC&, 0.5 mM NaH,PO,, 3 mM EGTA, and 5 mM HEPES at pH 7.0) containing 1 &ml leupeptin. The slices were incubated with 1% Triton X-100 in a fixative (2% paraformaldehyde, 0.1% glutaraldehyde, 10 PM taxol in PEM buffer, pH 6.8) for 40 min at room temperature. They were transferred to a fixative without Triton X-100 and fixed for a total of 2 hr. After being rinsed with buffer (4% sucrose in 0.1 M phosphate buffer, pH 7.4), the anterior horn regions were dissected with razorblades. Then the small pieces of tissue slices were incubated with 1% NaBH, in rinse buffer.
Next, the following incubation procedures for immunostaining were carried out. The samples were incubated with 20% goat serum in Tris buffer saline (TBS; 20 mM Tris, 0.9% NaCl), pH 7.6, for 3 hr at room temperature to block nonspecific reactions. Incubation with the first Abs (either anti-MAP2 PcAb or normal rabbit IgG as control) was continued for a total of 19 hr at room temperature and/or at 4°C. The tissues were washed in TBS, pH 8.2, or PBS, pH 7.6, with 1% goat serum for 1 hr at room temperature, incubated with the gold-labeled second Abs (5 nm gold-conjugated goat IgG anti-rabbit IgG, Jansen Pharmaceutics, Beerse, Belgium) or ferritin-labeled second Abs (ferritinconjugated goat IgG anti-rabbit IgG; Miles Yeda, Israel) for a total of 19 hr. and then washed again in TBS. oH 8.2. for aold-labeled second Abs with 1% goat serumlfor 1 hr. Some of the tissues were fixed and embedded by conventional procedures for electron microscopy. Some of the slices incubated with ferritin-labeled second Abs were quickfrozen with a machine cooled by liquid helium, fractured, and deepetched as described previously (Heuser and Salpeter, 1979; Hirokawa and Heuser, 198 1) . After rotary shadowing, the tissues were dissolved in chromsulfuric acid. The ultrathin sections and replicas were observed with a JEOL 2000EX electron microscope at 100 keV. Unfixed slices of rat spinal cord were also quick-frozen, deep-etched and observed by electron microscopy.
Reconstitution study
Isolation of 70 kDa molecular mass protein. Neurofilaments from calf spinal cords were isolated, solubilized with 8 M urea and fractionated by anion-exchange chromatography on DEAE-cellulose as described by Geisler and Weber (198 1) . The triplet proteins were further purified by Cell bodies and dendrites of motor neurons are intensively stained, while white matter (the lower half of A) was not stained. Scale bars, 100 Figure 3 . A motor neuron dendrite stained with anti-MAP2 IgG and gold (5 nm) labeled second antibody. Overall cytoskeletal architecture is well preserved. Immunogold particles are studded on fuzzy structures associated with MTs. Many gold particles decorate filamentous structures between NFs and MTs (arrows). Scale bar, 0.2 pm. Inset, Cross-sectional view of a dendrite. NFs (short arrows) run close to MTs (long arrows). Gold particles decorate fuzzy structures between NFs and MTs. Scale bar, 0.1 pm.
a Mono Q anion exchanging column (Pharmacia Fine Chemicals, Uppsala, Sweden). We obtained purified 70 kDa protein (3.0 mg/ml).
Isolation of tub&n. Tubulin was prepared from porcine brain by phosphocellulose chromatography (Weingarten et al., 1975) .
Isolation ofMAP2. Microtubule proteins were obtained from rat brains by cycles of temperature-dependent assembly and disassembly (Shelanski et al., 1973). Supematants of the first cycle (32 ml) were boiled at 95°C for 5 min in the presence of 0.75 M NaCl, 2 mM DTT, 1 mM PMSF and were then centrifuged at 80,000 x g for 40 min at 4°C. Proteins in the supematants were sedimented by adding ammonium sulfate to 50% saturation and centrifuged at 80,000 x g for 45 min at 4°C. The pellet was dissolved into 2 ml of 20 mM Pipes, 1 mM MgCl,, 1 mM EGTA, 0.75 M NaCl, pH 6.8, and was dialyzed against the same buffer. After centrifugation at 150,000 x g for 30 min at 4°C the suspension was applied to a Superose 6 prep grade gel filtration column (Pharmacia Fine Chemicals, Uppsala, Sweden). After MAP2 was successfully puri- fied by this column chromatography, fractions were further concentrated by precipitation by 50% ammonium sulfate. Concentration of purified MAP2 was 0.8 mg/ml.
In vitro assembly of 70 kDa (L) protein, A4AP2, and tub&n Five kinds of experiments were carried out.
1.400 ~1 of L protein (0.1 ms/ml) in PEM (0.1 M Pipes, 1 mM EGTA, 1 mM MgCl,, pH 6.8) was incubated at 35°C for 30 min.
2. 400 ~1 of MAP2 (0.25 mg/ml) in PEM was incubated at 35°C for 30 min.
3. 400 ~1 of L protein (1.0 mg/ml) and MAP2 (0.25 mg/ml) was incubated at 35°C for 30 min.
4. First L protein and MAP2 were incubated at 35°C for 30 min and then tubulin. GTP. and tax01 were added to set 400 ~1 of solution containing 1 .b mg/ml L protein, 0.25 mg/ml MAP2,0.8 &/ml tubulin, 1 mM GTP, and 20 PM taxol. This solution was further incubated at 35°C for 30 min.
5. L protein was first incubated at 35°C for 30 min and then tubulin, GTP, and tax01 were added to get 400 ~1 of solution containing 1 .O mg/ ml L protein, 0.8 mg/ml tubulin, 1 mM GTP, and 20 PM taxol. This solution was further incubated at 35°C for 30 min.
The solutions were divided into 2 groups. The first group was used for analysis by QF-DE electron microscopy. The other group was used for SDS-PAGE analvsis. All the solutions were centrifuged at 120,000 x g at 30°C for 30 min. The pellets of one group, if present, were immediately quick-frozen, deep-etched as described previously (Hirokawa et al., 1985) . In the second group the supematants were stored and the pellets were resuspended to get the original volume (200 ~1) with PEM buffer. Then the same amounts of supematants and pellets of suspensions were analyzed by SDS-PAGE using 7.5% polyacrylamide running gel.
For another experiment (1) L protein (1 .O mg/ml), (2) MAP2 (0.8 mg/ ml), and (3) L protein (1.0 mg/ml) plus MAP2 (0.8 mg/ml) were suspended in 200 pl of PEM containing 0.6 M NaCl, incubated for 30 min at 35°C and centrifuged at 120,000 x g for 30 min at 30°C. The supematants and pellets were analyzed by SDS-PAGE using 7.5% polyacrylamide running gel as mentioned above.
Protein determination Protein concentrations were estimated by the assay of Bradeford et al. (1976) . Figure 1 shows an immunostaining of rat brain crude extracts and rat brain MT proteins by the affinity-purified PcAb and nonimmune IgG. The PcAb recognized the bands of MAP2 on every blot, while it did not cross-react with MAPl.
Results

Antibody characterization
Immunojluorescence microscopy Anti-MAP2 PcAb stained cell bodies and dendrites of motor neurons at the anterior horn region, but it did not stain axons in the white matter (Fig. 2) . Figure 3 displays a low-power photomicrograph of a dendrite of a motor neuron stained with anti-MAP2 IgG and gold-labeled second Ab. In the dendrites of the motor neuron, neurofilaments were relatively abundant compared with the dendrites of other nerves. Neurofilaments very often ran near the microtubules, and crossbridges connected these neurofilaments to the microtubules. Thus, these dendrites are suitable for studying the chemical nature of crossbridges between neurofilaments and dendrites.
Immunoelectron microscopy
It could be clearly observed that gold particles were localized on fuzzy structures associated with microtubules. Many such structures crosslinked neurofilaments with microtubules (Figs. 2, 3). Figure 4 , A and B, highlights fuzzy filamentous structures decorated with gold particles between microtubules and neurofilaments. When ferritin-labeled second Ab was also used, as Figure 4C demonstrates, ferritin particles were localized on fuzzy structures between neurofilaments and microtubules. In control samples, gold particles were rarely observed (Fig. 5) . These results were further confirmed by antibody decoration in situ in conjunction with QF-DE. Figures 6 and 7 show unfixed motor neuron dendrites after QF-DE. As can be seen, neurofilaments tended to run singly, in pairs, or as a small fascicle adjacent to microtubules. Crossbridges (25-50 nm long, 4-6 nm wide) were clearly recognizable between microtubules and neurofilaments. After weak fixation for antibody decoration, the protofilament structures on the surface of MTs could not be observed, while MT could be easily identified by the width of filaments. In the sample incubated with anti-MAP2 IgG and ferritin-labeled second Ab, ferritin antibody complexes were found to decorate crossbridges between microtubules and neurofilaments heavily (Fig. S) , whereas crossbridges in the control specimen were not decorated (Fig.   9 ).
Reconstitution study MAP2 bound to NFs assembled by L proteins. We attempted to assemble neurofilaments in vitro to determine whether neurofilaments are crosslinked with microtubules by MAP2 molecules. For this purpose we used neurofilaments from L proteins only, because H proteins (200 kDa) may also contribute as crossbridges between NFs and MTs (Minami and Sakai, 1983) . We obtained purified L proteins from calf spinal cords from both anion-exchange DEAE column (Kotani et al., 1985) and Mono Q column chromatographies. After incubation at 35°C for 30 min and centrifugation, L proteins were detected only in pellets (Fig. lOA) . These pellets revealed numerous intermediate filaments about 11 nm in diameter (Fig. 1 lA) , although this diameter was not always regular, with very fine spines sometimes seen on the filament surface. However, we have never observed crossbridges such as those observed in samples containing L, MAPZ, and tubulin (25-50 nm long, 4-6 nm wide: Fig. 1 lD-F) . When we added MAP2 to L proteins, most of MAP2 was present in the pellet as judged by SDS-PAGE (Fig.   lOA) . This pellet had many neurofilaments, but they were not packed as tightly as those in the pellet containing only L protein (Fig. 11 c) . The filaments were frequently decorated by knobby material, which could be MAP2 (Fig. 11A) . MAP2 alone was not found in the pellet (Fig. lOA) .
To determine if MAP2 molecules were trapped in the network of L neurofilaments and sedimented in the pellet, we carried out the same experiment in the presence of high salt (0.6 M NaCl). Under these conditions, MAP2 was present mostly in the supematant, while L protein was detected in the pellets of the suspension containing both L protein and MAP2 (Fig. 10B) . L protein formed filaments under these conditions as well (see Fig. 11A ). These results indicate that MAP2 was not trapped in the network of neurofilaments nonspecifically, and they support the concept that under normal conditions MAP2 specifically bound to neurofilaments composed of L protein.
MAP2 formed crossbridges between NFs and MTs
When we first formed neurofilaments with L protein and then added tubulin in the presence of 1 mM GTP and 20 KM taxol, we found numerous NFs and MTs packed together in the pellets (Fig. 11B) . In this case L protein and tubulin existed only in the pellet (Fig. 10) . Prominent crossbridges were not observed between NFs and MTs. Interestingly, NFs and MTs tended to form respective domains, but at boundaries certain areas where both elements were mixed could easily be discerned (Fig. 11B) .
When L protein was incubated with MAP2 and then tubulin was added with 1 mM GTP and 20 PM taxol, L protein, MAP2, and tubulin were detected mostly in the pellet (Fig. IOA) . In QF-DE replicas of these pellets we found that MTs and NFs were not packed tightly, as in the L protein and tubulin pellet; also NFs were linked with MTs via many crossbridges (25-50 nm long, 4-6 nm wide), exactly like those found in vivo (Figs. 6, 7, ) . Of course, in these pellets MTs were connected via crossbridges with each other as well.
Discussion
The present study demonstrated that antibody against MAP2 stained crossbridges linking NFs to MTs in vivo by the immunogold method and antibody decoration in conjunction with QF-DE electron microscopy. In addition, our reconstruction study showed that MAP2 formed crossbridges between MTs and NFs composed of L protein. These in vivo and in vitro approaches strongly support the idea that MAP2 is a component of crossbridges between NFs and MTs in the neuronal cytoskeleton.
In the reconstitution study, we used only L protein to form NFs because of the possibility that long carboxy terminals of 200 kDa (H) and 145 kDa (M) proteins may also form crossbridges between NFs and MTs and because it has been shown in a binding study of '*P-labeled MAPS to NFs, which were transferred electrophoretically to nitrocellulose, that, of the 3 neurofilament proteins, only L protein bound MAPS (Heimann and Liem, 1985) .
Previous in vitro experiments have demonstrated that highmolecular-weight (HMW) MAPS bound to neurofilaments, and when these MAP-decorated filaments were added to microtubules made from pure tubulin, a viscous complex was rapidly formed, indicating that HMW MAPS might crosslink NFs with MTs (Leterrier et al., 1982; Williams and Aamodt, 1985) . Furthermore, CAMP-dependent protein kinase has been shown to be associated with MAP2 and phosphorylated 150 kDa neurofilament protein (Leterrier et al., 1981) . These in vitro data support our results that MAP2 is a component of crossbridges between MTs and NFs in vivo.
The possibility exists that the crossbridges between MTs and NFs in vivo are composed of complexes of HMW MAPS. However, because the crossbridges between MTs and NFs are mostly simple in shape (4-6 nm diameter, 25-50 nm long) and MAP2 molecules are flexible rodlike structures 100 nm in length (Voter and Erikson, 1982; Gottlieb and Murphy, 1985; Hirokawa, 1986) and form periodic arm-like projections on microtubule surfaces (Kim et al., 1979) , and, further, because we found that MAP2 alone formed crossbridges in vitro resembling those in vivo between NFs and MTs, we believe that MAP2 alone could form crossbridges in vivo. However, our results do not rule out the possibility that neurofilament 200 K and/or 145 K proteins may play a role in other types of crossbridges between MTs and NTs in the neuronal cytoskeleton. Because the amount of MAP2 in the axon is low (Bemhand and Matus, 1984; Hirokawa et al., 1985) , neurofilament proteins may contribute as additional crossbridges between MTs and,NFs. This scenario is supported by data that purified NFs stimulated MT assembly and caused gelation (Minami and Sakai, 1983) . This problem will require further attention, probably with an approach similar to that employed in the present study.
Little is known concerning the regulatory mechanisms of the linkage between MTs and NFs. In the case of actin, in vitro studies have demonstrated that mixtures of purified actin, purified tubulin, and purified HMW MAPS (principally MAP2) formed networks (Selden and Pollard, 1983; Pollard et al., 1984) . It has also been reported that phosphorylation of MAPS and Ca2+ and calmodulin regulate the interaction between MAPS and actin filaments (Nishida et al., 198 1; Selden and Pollard, 1983; Kotani et al., 1985; Sobue et al., 1985) . A similar mechanism may be at work in the regulation of MAP2-containing crossbridges between MTs and NFs. Clarification of these mechanisms in vivo will be an object of future study.
